Abstract-In this work, we present a systematic simulation study of numerous copper (Cu) grain boundaries with the nonequilibrium Green's function (NEGF) framework based on the Density Functional Theory (DFT). In order to evaluate the effect of specific resistivity of various grain boundary profiles we developed the required methodology and we proposed an analytical equation for predicting the specific resistivity at each GB configuration. Moreover, in this work we also considered different crystal transport orientations and coincidence site lattices. Based on our simulations, we found that the specific grain boundary resistivity strongly depends on the transport orientations of the grains but not on the coincidence site lattice (CSL) density.
I. INTRODUCTION
Due to a recent aggressive downscaling of transistors in integrated circuit (IC) chips, the interconnects reached a nanoscale size which makes the quantum mechanical effect significantly much more pronounced in comparison to the previous technology nodes. Hence, scaling down the copper (Cu) interconnects to tens of nanometres is inevitable. This creates significant problems for the semiconductor industry that needs to accommodate, e.g. the increasing of the circuit delay [1] . Moreover, the lower level of interconnects is the most vulnerable because they have the smallest dimension in comparison to all other levels of interconnects. This leads to an increase in the capacitance between metal lines and, hence, the resistivity. This occurs mainly due to the presence of the grain boundary (GB) scattering and the surface roughness (SR) scattering [2] [3] [4] . The increase in the resistivity also causes reliability problems, such as electromigration [5, 6] , which have a detrimental effect on the interconnects. Hence, understanding in detail effects such as electromigration, GB and SR scatterings could solve some of the physical and technical challenges, which the industry faces today. The purpose of this work is to address some of those problems and more specifically the effect of the GB scattering on the resistivity in the nano-scale interconnects.
It is well-known that the specific resistivity at GB ( γ R ) strongly depends on the atomistic structures, such as specific atomic configuration and crystal orientation [7] . Experimental measurement of the atomic configuration at nanoscale dimension is very challenging and the best way to evaluate and predict the GB resistivity is to perform numerical simulations. For example, in 2014, César et al. performed the Density Functional Theory (DFT) simulations to calculate γ R with the Σ3, Σ5, Σ9, Σ11, Σ13a and Σ17a grain boundaries [7] . Herein Σ indicates the reciprocal coincidence site lattice (CSL) density. Although there are many possible atomistic structures having different transport orientations for each Σ, they selected and studied one case, specifically the one with the fewest atoms. Thanks to the four-probe scanning tunnelling microscopy, the specific resistivity of twin GBs was also measured and compared to the simulation results [8] .
In this work, we calculate the specific resistivity of many GB configurations by using a DFT -Non-Equilibrium Green's Function (NEGF) framework [9] . The studied structures are limited to relatively small sizes containing single grain boundaries and less than a few hundred atoms because of the computational burden required to perform the DFT-NEGF calculations. However, we believe that our simulation results are sufficient to propose and develop a methodology and analytical equation to predict the specific resistivity of different This work is supported by the U.K. EPSRC under Project EP/P009972/1 and Project EP/S001131/1. Fig. 1 An example of the atomistic structure of a twin GB (case #1 in Table  1 ). A box indicates the DFT simulation box. A blue sphere is a Cu atom. types of GBs. The paper is organised in the following way. Section II presents the main characteristics of our simulation approach, which includes the generation of the atomic structure and evaluation of the ballistic conductance and specific resistivity at the GB. In Section III, we discuss our simulation results, such as specific resistivity for various types of GB. This section also contains the analytical equation derived from our numerical simulations. Last Section IV presents the conclusion and the summary of this work.
II. SIMULATION APPROACH

A. Generation of atomistic structures of twin GBs
All simulations in this work are performed with the commercial software Atomistix Tool Kit from Synopsys QuantumWise [10] . All simulations are based on the PerdewBurke-Ernzerhof version of the Generalized Gradient Approximation (GGA) exchange-correlation functional [11] . The criteria of the maximum force on an atom is 10 -2 eV/Å. The density mesh cutoff is taken to be 200 Hartree. As the first step, we geometrically optimise the atomistic structure of bulk Cu with the face centered cubic (FCC) structure. The calculated lattice parameter from our numerical simulations is 3.637 Å, which is in good agreement with the experimental value of 3.615 Å [12] .
Another program called GBstudio [13] is used to find the transport direction of each grain and the angle between two sides for each GB. Based on this information, we construct the initial atomistic structures and we perform geometrical optimization by using the DFT method and the GGA functional. Fig. 1 shows the example atomistic structure of the Σ3 GB (see case #1 in Table  2 ). The explicit atomistic layers on either side of each grain boundary are fully optimized. The left-side and the right-side grains (see Fig. 1 ) have three atomic layers. The main reason for this is that exactly three layers were demonstrated to be the optimal number of layers needed to achieve reliable results [7] .
B. Transport simulations
A DFT-NEGF method with the GGA functional is employed for the transport simulation in this work. Using the optimized atomistic structure of the GB, we build the device structure including left and right electrodes as shown in Fig. 1 . It is assumed that the left and the right electrodes are semi-infinite which means that left-side and right-side of the grains are repeated periodically in the opposite direction from the GB interface. Adding electrodes to the atomistic structure is mandatory for using the NEGF framework in order to be able to evaluate the total resistance of this structure and more importantly the specific resistance for each GB.
Since the length of metal wires in the interconnects is much longer than a grain size, we assume that the electric field in this system is very small. Thus, we do not apply an external voltage on the left and the right electrodes during our transport simulations. Hence, the bias between two electrodes is equal to 0 V and the transmission spectrum is evaluated. The electronic temperature of the system is 300 K in all simulations. Fig. 2 shows the calculated transmission spectrum of the Σ3 GB shown in Fig. 1 as an example. From the data presented in Fig. 2 , we are able to calculate the ballistic conductance ( ) of the system by using the equation below:
where 0 , , , , and are the quantum conductance, the transmission coefficient, the Boltzmann constant, the electronic temperature, and the Fermi-level, respectively. The is an important parameter which is inversely proportional to the ballistic resistance.
C. Calculation of the specific resitivity
The resistance induced by GBs ( ) is determined from the ballistic resistance of the atomistic structures with GBs ( ) and the idealized ballistic resistance of the structure ( ) as
Herein, indicates the resistance of the device structure with the GB assuming that all electrons can flow from the left Fig. 2 The transmission spectrum of the twin GB shown in Fig. 1 . The Fermilevel is set to 0.0 eV.
(right) electrode to the right (left) electrode without any scatterings. In [7] and [14] , the resistance of bulk Cu ( ) is used instead of . However, the ballistic has a dependency on the transport direction as shown in Table I , where the calculated resistivity's of bulk Cu with different transport directions are summarized. For the calculation of the resistivity, we assume that the mean free path of bulk Cu is 40 nm regardless of the transport direction. This table shows that the resistivity varies from 2.188 to 6.470 μΩ cm which is very close to the previously reported experimental value of 1.68 μΩ cm [15] . Moreover, based on the data presented in Table I we can conclude that the ballistic resistances of the left-side and the right-side of the grains may be different which could have an impact on the correct estimation of the specific resistance.
In order to calculate the specific resistance more accurately, we calculate through several steps as shown below;
Step 1. We calculate the transmission spectrums of bulk Cu with the left-side grain's transport direction and with the right-side grain's transport direction by using the DFT-NEGF framework.
Step 2. A new transmission spectrum is defined in all ranges of energy;
where min(a,b) is a function used to find a smaller value between a and b.
Step 3.
can be calculated with by using Eq. 1.
This shows that is very close to the larger transport grain resistance. Finally, the specific resistivity at the GB (γ R ) can be obtained by using the equation below:
where is the cross-section area of the constructed atomistic structures of GBs.
III. RESULTS AND DISCUSSION
The calculated specific resistivity ( γ R ) for different CSLs and transport directions is summarized in Table II . The corresponding results obtained from previous studies are also displayed for comparison to our data. We find that our calculated results are in agreement with the previously reported research on this topic which indeed is very encouraging. Fig. 3 shows the dependence of our calculated γ R value on the CSL. Unfortunately, we are not be able to find the correlation between γ R and CSL in the sample that we consider in this work. Hence, we believe that CSL cannot represent γ R and be used as a figure of merit. Moreover, in the case of Σ3 GBs, the variation of the γ R values is significant where the difference of minimum and maximum values of γ R 's is 17.61 pΩ cm 2 . Fig. 3 The dependence of calculated specific resistivity of GBs on the coincident site lattice (CSL, Σ). Fig. 4 The dependence of the specific resistivity on the angle of twist when the transport orientation of both grains is [100] (case 6, 12, 15, and 16 in Table  II ).
In order to try to find correlation between the specific resistivity and the structure parameters, we investigate the specific resistivity as a function of the twist GBs when both grains have the [100] transport direction. Our results are shown in Fig. 4 and the following main points can be emphasised. Firstly, the simulation results follow the bimodal distribution with two equal peaks at near 30° and 60° angle and they show a mirror symmetrical shape around the 45° twist angle, which is caused by the symmetry of the atomistic structure. Secondly, when the angle of twist is 26.87°, which corresponds to the Σ5 GB (see case #6 in Table II) , the specific resistivity has the maximum value. Fig. 5 describes the dependence of the specific resistivity of GBs on the ideal specific resistivity ( ), which is calculated from . It is important to point out that as the ideal specific resistivity increases, the specific resistivity of GBs also increases. Corresponding data is clustered in three groups -Group 1, Group 2 and Group 3 (see Fig. 5 and Table II) . Hence, it can be concluded that the large ideal specific resistivity corresponds to the large resistivity of grains. Thus, all CSLs having the [110] transport direction, which shows the highest resistivity in Table  I , correspond to Group 3 (see case #4 and #5 in Table II By using equation (4), we believe that the specific resistivity ( γ R ) of other metals and materials can be predicted. For example, cobalt (Co) which is one of the promising materials to replace Cu in future technologies as an interconnect [17] , has an for the hexagonal structure of 7.31 pΩ cm 2 [18] . Therefore, based on equation 4 we can predict that the specific resistivity γ R for cobalt should be 1.297 pΩ cm 2 . However, more research needs to be done in this area to validate further the transferability of our analytical equation. Indeed, this is one of the future research directions in our group.
IV. CONCLUSIONS
In this work, we performed the Density Functional Theory simulations to calculate the specific resistivity of GBs in the Cu interconnects. We found that the coincident site lattice (CSL) model cannot represent the specific resistivity of the GB. Instead of the CSL, the transport direction is the most important parameter that strongly correlates with the specific resistivity. To summarise all our simulation results, we proposed the simple analytical model to predict the specific resistivity of the GB from the specific resistivity of bulk atomistic configuration. We believe that the proposed analytical equation and methodology could be extended and applicable to other systems and materials such as cobalt, for example. We are currently conducting research in this direction to validate our model for the cobalt interconnect. Fig. 5 The dependence of the specific resistivity on the specific resistivity of the ideal grain boundary ( × ).
